The reduction of the tetrazolium salt 3- (4,5-dimethylthiazol-2-yl 
INTRODUCTION
The reduction of tetrazolium salts to formazans in living cells has long been used to assess cell proliferation and to measure reductase enzymes (1, 4, 5, 10, 16) . For cell growth and survival assays, the tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) is currently widely used because of its convenience and suitability for automation using microplate readers (4) . MTT is also widely used in cytotoxicity assays as a means to assess the ability of cloned enzymes to protect cells from various toxins or pro-toxins, and several model systems have been developed. These include stably or transiently transfected mammalian cells (13, 22) , vaccinia virus expression systems (7) and baculovirus expression systems (9) . During the course of a study designed to assess the ability of baculovirus-expressed glutathione S-transferase (GST) enzymes to protect Sf 21 cells from electrophilic xenobiotics, we found that cells expressing GSTs had considerable higher rates of MTT reduction compared with control cells. In this report, we show that mouse (m)GST isozymes catalyze the glutathione-dependent reduction of MTT at a low, but potentially significant, rate. These results suggest that MTT might not be a suitable indicator of cell viability in cells expressing high levels of GSTs or in cells treated with compounds that alter GST expression levels.
MATERIALS AND METHODS

Materials
Glutathione-Sepharose ® glutathione (GSH), Pen/Strep antibiotics, MTT and 1-chloro-2,4-dinitrobenzene (CDNB) were purchased from Sigma Chemical (St. Louis, MO, USA). Protein assay reagents based on the Bradford (3) dyebinding procedure were obtained from Bio-Rad (Hercules, CA, USA). EX-CELL ™ 401 medium was purchased from JRH Biosciences (Lenexa, KS, USA); fetal calf serum (FCS) was purchased from Intergen (Purchase, NY, USA).
Preparation of Overexpressed GSTs
Construction of recombinant baculoviruses. The full-length cDNAs for the mGST P1-1 ( π ), mGST A3-3 (Yc) or mGST A4-4 were separately cloned into the p2Bac ™Transfer Vector (Invitrogen, Carlsbad, CA, USA) downstream of the polyhedrin promoter. Recombinant transfer plasmid was then co-transfected with Bsu 36I-cut BacPAK6 Viral DNA (CLONTECH Laboratories, Palo Alto, CA, USA) using C ELL FECTIN™ Reagent (Life Technologies, Gaithersburg, MD, USA) as previously described (17) . Following four cycles of plaque purification, recombinant viruses were amplified and analyzed for GST expression by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The control virus used throughout these experiments was the nonrecombinant BacPAK6 virus expressing β -galactosidase ( β -gal).
Sf 21 cell infection. Sf 21 cells were maintained and passaged in complete media containing 3% heat-inactivated FCS and 1% Pen/Strep antibiotics. Sf 21 cells (5 ×10 7 cells) were placed in a 50-mL conical tube and infected with 5 ×10 6 recombinant viruses. Infected cells were gently rocked for 1 h and then transferred to spinner flasks. Complete medium was added to bring the cell concentration to 1 × 10 6 cells/mL. Spinner flasks were incubated at 27°C, with stir bars rotating at 60 rpm.
Addition of glutathione. On day 2 post-infection, BacPAK6-and GST-π -infected Sf 21 cells were each divided in half and placed in separate spinner flasks. One flask of each virus culture received GSH (5 mM final concentration) diluted in media. The second flask of each culture received an equivalent volume of media. The MTT metabolism and cell-density assays were performed on all four cultures for the remainder of the time course.
Cell density. A representative sample was removed from each flask daily. The samples were diluted in phosphatebuffered saline (PBS), and the number of cells per milliliter in each sample was determined using a hemacytometer.
MTT assay. Samples (0.5 mL) from each culture were incubated with MTT (1 µ g/ µ L), for 1 h at 27°C in 24-well polystyrene plates. Cells were then lysed in the dark overnight at room temperature in lysing buffer (9) . The solubilized MTT hydrolysis product was quantified by measuring the optical density (OD) at 570 nm using a SPECTRAmax ® 250 Microplate Reader (Molecular Devices, Sunnyvale, CA, USA). All values were subtracted against a media blank.
CDNB assay. GST-specific activity was determined for each virus culture daily by measuring the rate of GSH conjugation to CDNB. Cells were collected and washed 2 times in PBS, 5 mM EDTA, then lysed by freeze/thawing. For the assay, samples were diluted in substrate buffer (100 mM KH 2 PO 4 , 15% glycerol, pH 6.8), GSH (5 mM, final concentration) and CDNB (0.28 mM, final concentration) were added to the wells to start the reaction. The rate of GSH conjugation to CDNB was measured at 340 nm for 5 min, at 11-s intervals using the SPECTRAmax microplate reader. The rate of product formation was calculated using the first 5 points collected. The specific activity was calculated using an extinction coefficient of 10.09 (OD × L)/mmol (8) .
Glutathione assay. Cells were washed in 1 ×PBS and deproteinized by incubation with an equal volume of 5% sulfosalicylic acid. The resulting supernatants were used to measure GSH as previously described (21) . Results are expressed as picomole GSH/ microgram protein using day-3, postinfection samples.
Purification of Overexpressed GSTs
At 4 days post-infection, cells were centrifuged at 325 ×gfor 15 min, washed with PBS and homogenized with a Potter-Elvehjem Homogenizer (Kontes, Vineland, NJ, USA). The supernatants were prepared by centrifuging the homogenate at 60 000 ×gfor 1 h. GST in the supernatant was affinitypurified on a 0.9-× 4-cm GlutathioneSepharose ® column as previously described (2).
Rate of Formazan Formation Using Affinity-Purified GSTs
MTT (5 mM) and GSH (2 mM, final concentrations) were incubated at 37°C in 50 mM sodium phosphate buffer, pH 6.25, along with 6 µ g of affinity-purified GST in a total volume of 200 µ L for various times. The pH was chosen so that there was appreciable enzymatic activity with no uncatalyzed reduction of MTT by GSH. At a given time, the reaction was stopped by the addition of 0.6 mL of stopping solution, which consisted of 10% SDS and 45% dimethyl formamide (DMF), adjusted to pH 4.5 with glacial acetic acid. The absorbance was read at 592 nm in a Model 124 Double-Beam Spectrometer (Hitachi Scientific Instruments, Mountain View, CA, USA) after 2 h of additional incubation, which was necessary to completely dissolve the precipitated formazan. Based on an extinction coefficient of 17.4 at 505 nm (1) in DMF, we determined an extinction coefficient of 19.8 at 592 nm in the stopping solution for the reduced MTT. MTT was chemically reduced with a 3-fold excess of GSH in 50 mM Tris-base, pH 9.0 for 18 h in the dark under nitrogen. The colored precipates were washed with water and redissolved in DMF. GSTspecific activity was measured as the rate of GSH conjugation to CDNB. The BacPAK6-infected cells showed low levels of GST activity, in contrast, GST-πexpressing Sf 21 cells showed high levels of expression at 3-5 days post-infection. (B) Determination of cell density in virus-infected cultures. Cells were counted daily using a hemacytometer. For both BacPAK6-and GST-π -infected cultures, cell density peaked at day 2. The addition of 5 mM GSH caused no apparent changes in cell density for either virus-infected culture. (C) MTT metabolism in virus-infected cultures. MTT metabolism in the Bac -PAK6-infected cells peaked at day 2 post-infection. The addition of GSH to the BacPAK6 culture caused a small increase in MTT metabolism. In the GST-π -infected culture without exogenous GSH, peak MTT metabolism occurred on day 2 post-infection. The addition of 5 mM GSH caused an apparent 3-fold-4-fold increase in the amount of MTT formazan product in the GST-π cultures. The high levels of MTT metabolism paralleled the rise in GST activity observed in the GST-π infected cultures. Figure 1 shows the pattern of BV-GST-πand BacPAK6 expression in Sf 21 cells during the infection cycle. GST activity was measured as CDNBspecific activity ( Figure 1A) . BV-GST-π -infected cells showed expression of GST beginning at day 3 post-infection; highest levels were found at day 5 postinfection. The control virus BacPAK6, which expresses β -gal, did not show appreciable levels of GST activity during any part of the virus-infection cycle. The addition of GSH at day 2 postinfection did not change cell density in either the BV-GST-π -or BacPAK6-infected cultures ( Figure 1B ). The level of MTT reduction in the BV-GST-π -infected cells without exogenous GSH was similar to the level of MTT reduction in the control β -gal-expressing cells with or without exogenous GSH. However, the GST-expressing Sf 21 cells showed high levels of MTT reduction when exogenous GSH was added ( Figure 1C) . These results suggested the possibility that GST protein [released from Sf 21 cells because of virus infection (17) ] was catalyzing the reduction of MTT.
RESULTS
To address this question, studies were performed to determine whether purified GST-πand other GST isozymes were capable of reducing MTT to its formazan product. Figure 2 shows the rate of reduced MTT formation catalyzed by equal amounts of three different affinity-purified GST isozymes under conditions described in Materials and Methods. In the absence of GST or GSH, there is no reduction of MTT.
The Michaelis-Menten constant ( K m ) was determined for GSH using a nominal value of 5 mM for MTT. Under these conditions, the K m for GSH was found to be 2 mM and was not statistically different between the GST isozymes. The K m for MTT was then determined for the πand mGST A4-4 isozymes at saturating GSH levels (5 mM). The data were fit to the Michaelis-Menten equation using SigmaPlot ® Version 5.0 software with iterative nonlinear curve fitting (SPSS, Chicago, IL, USA). Table 1 between MTT and GSH was the same as that generated by ascorbate reduction (1) or by reduction with GSH alone, the spectra of the formazans prepared under these conditions were compared at the same concentrations in SDS/DMF stopping solution ( Figure  3) . The results showed that all three spectra were essentially identical.
DISCUSSION
These studies demonstrate that GSTs are capable of reducing MTT, and that this reaction can occur to an appreciable extent. The elevated level of MTT metabolism was not due to increased cell number within the cultures, and it only occurred when GST and exogenous GSH were present. The endogeneous level of GSH in various cell types ranges from 0. .01 mm, we calculate that the intracellular GSH concentration would be approximately 0.5 mM. This is one-fourth lower than the K m of the GSTs for GSH and would explain the low level of MTT reduction without exogenously added GSH.
The studies using purified enzymes confirm that GSTs are capable of reducing MTT to its formazan product. These results could have important implications when measuring viability in cells with high levels of GST activity and with relatively high levels of intracellular GSH.
In our studies with purified GST, the K m values for mGST-π and mGST A4-4 are very similar, both for GSH and MTT. Therefore, the differences between the two isozymes in the observed rate with MTT ( Figure 2 ) can be attributed to differences in the catalytic step. Mechanistically, we propose that GST isozymes are catalyzing the reduction of MTT by GSH, a typical peroxidase activity, rather than catalyzing a covalent addition of GSH to MTT; the 
Sho r t Technical Repo r t s
absorption spectrum (Figure 3 ) of the solubilized formazan product of this reaction is identical to that observed for the product produced by the chemical reduction of MTT (1) . Although UV spectra are not proof of structural identity, if covalent addition of GSH to the tetrazole ring system of MTT were occurring, one would expect such addition would break the conjugated π electron system, resulting in a shift in the UV spectrum of the MTT-GSH adduct to the blue. This does not occur. Also, the product produced by the GST-catalyzed reaction is not soluble in aqueous solution as would be expected for a GSH adduct of MTT. Although mGST A4-4 (15) and GST A3-3 (14) are α -class isozymes with significantly greater peroxidase activity than GST-π -class isoenzymes (as measured with cumene hydroperoxide) (14) , in this study with MTT as substrate, there is greater peroxidase activity with the π enzyme (Figure 2) .
GST isozymes, especially GST-π isozymes, are known to be overexpressed in a variety of tumor cells used for studying resistance to chemotherapeutic drugs (20) . In these cells, GSTs can play a significant role in MTT reduction compared to mitochondrial enzymes. In addition, GSTs are a readily inducible group of enzymes, responding to a wide range of xenobiotic inducers (6, 11, 12, 19) . Our results suggest that endogenous GST levels and GST induction should be considered when interpreting the results of MTT assays as a measure of cell viability.
